Background: Neonatal intrahepatic cholestasis caused by citrin deficiency (NICCD) has high prevalence in East Asia, and has been reported in other parts of the world. NICCD is also the most common form of genetic cholestasis among East Asians. There has been reports of mortalities or liver transplants associated with NICCD, but risk factors associated with poor outcome were unknown. Our objective is to report NICCD mortalities in a tertiary pediatric hepatology center, and to explore associated risk factors along with implications to clinical practice. Method: This is a retrospective analysis of NICCD cases collected from June 2003 until January 2017 in the Children's Hospital of Fudan University. Clinical, biochemical, and genetic data were compared between deceased cases and survivors without liver transplant. Results: Sixty-one confirmed NICCD cases, including 52 cases in the survival group, and 9 cases in the mortality group, were included in the analysis. Mean age at referral in the mortality group was significantly higher when compared to the survival group (9.58 ± 5.03 VS 3.96 ± 3.13 months, p < 0.000). The proportion with infection in the mortality group was significantly higher than the survival group (p = 0.023). 44.4% of patients in the mortality group did not receive lactose-free and/or medium chain triglycerides enriched (LF/MCT) formula, and this percentage was significantly higher than the survival group (9.6%, p = 0.021). Mean platelet (PLT) count in the mortality group was significantly lower than the survival group (p = 0.010). Mean serum gamma-glutamyl transpeptidase (GGT), and total cholesterol (TCH) levels were significantly lower in the mortality group when compared to the survival group with p values of 0.001, and 0.019, respectively. Those who died had higher serum ammonium levels than survivors (p = 0.016). Mean level of citrulline was significantly lower in the mortality group compared to the survival group (p = 0.010). On the other hand, mean level of tyrosine was significantly higher in the mortality group than that of the survival group (p = 0.015). Conclusion: Late referral, presence of infection, delayed treatment with LF/MCT formula, lower platelet count, lower levels of GGT, total cholesterol, blood citrulline, and higher level of blood ammonia and tyrosine, were associated with poor prognosis in NICCD.
Background
Citrin deficiency is an autosomal recessive disorder caused by mutations in the SLC25A13 (solute carrier family 25 member 13) gene. Three main phenotypes, including neonatal intrahepatic cholestasis caused by citrin deficiency (NICCD) during infancy, failure to thrive and dyslipidemia caused by citrin deficiency (FTTDCD) in older children, and recurrent hyperammonemia with neuropsychiatric symptoms as citrullinemia type II (CTLN2) in adults, have been recognized [1] . Citrin deficiency was first reported in Japan [2] , but later was recognized as a worldwide disease with high prevalence in East-Asian countries [3] . Carrier frequency of pathogenic SLC25A13 gene variant is the highest in southern China including Taiwan (1:48), followed by Japan (1:65) [4, 5] , Korea (1:115), and northern China (1:940) [6, 7] . The observed prevalence of NICCD in Japan is similar to calculated homozygous and compound heterozygous carrier rate (1:17000) [1, 8] , and over 80,000 East Asians are estimated to be homozygous for SLC25A13 gene pathogenic variants [6] . Caused by biallelic mutations in the SLC25A13 gene, NICCD is also the most common form of genetic cholestasis among East Asians. NICCD usually present itself as neonatal cholestasis, and characterized by decreased alanine aminotransferase (ALT) to aspartic acid transaminase (AST) ratio, hypoglycemia, decreased albumin level, prothrombin time (PT) elongation, multiple amino acidemia, high levels of alpha-fetoprotein (AFP), and fatty liver [1, 9] . NICCD is usually regarded as a benign process that resolve spontaneously or after administration of lactose-free and/or medium-chain triglycerides enriched (LF/MCT) formula [9, 10] . However, there were 11 case reports or individuals from case series from eight centers in English literature who needed liver transplantation for liver failure or died before the transplantation took place because of NICCD [10] [11] [12] [13] [14] [15] [16] [17] [18] . Moreover, clinical, biochemical, and genetic characteristics of already reported cases with poor outcome were not clearly outlined, and risk factors associated with death or liver transplant were unknown. Due to high prevalence of NICCD in East Asia and evidence of affected cases in other parts of the world, there is a need to explore risk factors that could lead to poor prognosis. Here we report nine cases of NICCD mortality from a tertiary pediatric hepatology center in China, present clinical, laboratory, and genetic features, and explored associated risk factors. To date, this is the largest number of NICCD mortality ever reported from a single center with detailed description of clinical, laboratory, and genetic features, and first analysis of risk factors associated with poor prognosis. We also discussed implications to clinical practice, and strategies for improving prognosis.
Methods

Subjects
We collected patients referred to the Department of Hepatology in the Children's Hospital of Fudan University (Shanghai, China) for investigation of cholestasis with disease onset before six-months of age between June 2003 and January 2017. All patients were screened for SLC25A13 gene mutations, and the screening process was previously published elsewhere [7] . Patients with homozygous or compound heterozygous disease-causing mutations were diagnosed to have NICCD and directly enrolled into this study. When SLC25A13 genetic analysis yielded a single heterozygous mutation, western blot analyses of citrin protein were performed using liver or skin biopsy specimen to confirm the absence of citrin protein before diagnosing NICCD [19] . Patients with single heterozygous mutation but have normal expression of citrin protein in western blotting of liver and/or skin samples were excluded as with confirmed cases with insufficient data. The Ethics Committee in Children's Hospital of Fudan University waived ethics approval for using medial and genetic data of patients included in this cohort to be used for retrospective analyses. Authors participated in this study have no competing interests to declare.
Methods
The medical records of all included cases were reviewed and abstracted. The guardians of every case were contacted by telephone, email, or regular mail to get the up-to-date information about prognosis. Gender, birth weight, SLC25A13 gene mutation, age at referral, serum biochemistry at presentation, blood coagulation panel, complete blood count, tandem mass spectrometry, and clinical management were compared between deceased cases and survivors without liver transplantation. Original dataset with variant description used for statistical analyses was provided as an Additional file 1.
STATA software (version 12.0 Special Edition, STATA Corp, College Station, TX) was used for statistical analysis. Chi square test was used for categorical data, and Fisher's exact values were calculated when expected values were five or less. Continuous variables were presented as mean ± standard deviation (SD), and Shapiro-Wilk normality test was performed to determine if each continuous variable is normally distributed. Normally distributed continuous variables were compared by using Student's t-test, while non-parametric Wilcoxon-Mann-Whitney tests were performed to compare variables that were not normally distributed. A two-sided P values of less than 0.05 were regarded as statistically significant.
Results
General information
64 NICCD cases were confirmed genetically and/or with Western blot analysis. Among of them, 56 cases were genetically confirmed, including 21 cases with homozygous mutation, and 35 cases with compound heterozygous mutation in SLC25A13 gene. Eight cases with single heterozygous mutation were confirmed by absence of citrin protein by western blot analyses on liver sample (4 cases) or skin fibroblast (4 cases). Apart from one case born to fourth-generation cousins, no consanguineous marriages were found from parents of other cases. Up to the time of preparation of this manuscript, 54 patients have survived without liver transplant, nine cases have died, and 1 lost to follow-up. After excluding 1 case that lost to follow-up and 2 infants with insufficient follow-up data, 61 confirmed NICCD cases, including 52 cases (30 males, and 22 females) with available data in the survival group, and nine cases (seven males, and two females) in the mortality group, were included in the final analysis.
SLC25A13 gene mutation, age at referral, diagnosis, administration of LF/MCT formula, and age of death in nine deceased cases were recorded in Table 1 . All cases with poor prognosis had homozygous or compound heterozygous deleterious mutations such as insertion/deletion or splice site mutations. Most cases (seven out of nine) were referred to our center after 6-months of age, while two cases presented after 1-year of age. LF/MCT formula was started after referral in 5 cases, 4 cases did not respond to dietary change, but one case suffered from unexplained death after infection while liver function was improving. Four cases did not receive LF/MCT formula due to non-adherence or atypical presentation. The youngest age of death was five-months, while the oldest child died at the age of 23 months. Eight cases died from liver failure, while one case suffered from unexplained death after infection. Five cases had evidence of infection prior to death, one infant had concomitant kidney failure, while another child had interstitial lung disease and brain MRI abnormality.
Risk factors associated with mortality
Sixty-one cases, including 52 children with available data in the survival group without liver transplantation, and 9 cases in the mortality group, were included in the final analysis. Gender, birth weight, age at referral, and blood test results at referral (complete blood count, serum biochemistry, blood coagulation profile, tandem mass spectrometry, and genetic test results) were compared to explore the risk factors associated with NICCD mortality (Table 2) .
Distribution of gender and mean birth weight were not significantly different between the survival group and the mortality group (p values were 0.462 and 0.351, respectively). On the other hand, mean age at referral in the mortality group (9.58 ± 5.03 months) was significantly higher when compared to the survival group (3.96 ± 3.13 months, p < 0.000). Significantly more children (87.5%) in the mortality group had infection when compared to the survival group (58.0%, p = 0.023). 44% (4/9) of patients in the mortality group did not receive lactose-free and/or MCT-enriched formula, and this percentage was significantly higher than that of the survival group (9.6%, p = 0.021).
White blood cell (WBC) count, red blood cell (RBC) count, and hemoglobin levels were similar between the survival group and the mortality group (p values were 0.637, 0.255, and 0.342, respectively). However, PLT in the mortality group (109.60 ± 19.26*10^9/L) was significantly lower than that of the survival group (387.54 ± 196.46*10^9/L, p = 0.010). . Significantly more patients in the morality group had normal serum GGT levels when compared to the survival group (4/8 VS 1/47, p = 0.001). On the other hand, mean serum ammonia level in deceased children (142.31 ± 42.09 mmol/L) was significantly higher than those who survived without liver transplant (98.14 ± 45.20 mmol/L, p = 0.016). Other biochemical parameters, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bile acid, total protein, albumin, blood glucose, serum triglyceride, urea, creatinine, lactic acid, and alpha-fetoprotein levels were similar between two groups (p values were 0. Blood amino-acid profiles on tandem mass spectrometry were compared between two groups. Mean level of citrulline in the mortality group was 52.34 ± 19.14 umol/ L, and was significantly lower in when compared to the survival group (137.06 ± 79.62 umol/L, p = 0.010). On the contrary, mean level of tyrosine in the mortality group was 250.26 ± 77.78 umol/L, significantly higher than that of the survival group (130.00 ± 73.19 umol/L, p = 0.015). As for methionine and threonine levels, there were no statistically significant differences between two groups (p values were 0.787, and 0.072, respectively).
SLC25A13 gene mutation allele frequencies, including 851del4, 1638ins23, IVS6 + 5G > A, and IVS16ins3kb, were compared between 2 groups. However, none of these mutation allele frequencies were different between the morality group and the survival group (p values were 0.518, 0.541, 1.000, and 0.128, respectively).
Discussion
NICCD is an autosomal recessive urea cycle disorder commonly occurred among East-Asians. It is caused by SLC25A13 gene mutation, and usually regarded as self-limiting disease in which clinical and laboratory abnormalities begin to improve after complementary feeding. Changing to LF/MCT formula during infancy may facilitate the healing process, or even reverse the liver damage [1, 9] .
The first case report of poor outcome associated with NICCD was in 2002 by Tamamori et al. from Japan [11] . A 7-month-old infant with neonatal cholestasis, whom initially diagnosed to have tyrosinemia type 1 received liver transplant at the age of 10 months due to liver failure. Post-transplant sequencing confirmed compound heterozygous mutations of 851del4/IVS11 + 1G in SLC25A13 gene. There were 2 more cases of NICCD with high tyrosine levels by Shigeta [12] and Ohura [10] , and both received liver transplant. The third case in our series was also suspected to have tyrosinemia but died without response to low-protein-diet. Screening for blood samples for common mutations in SLC25A13 gene found compound heterozygous 851del4/ IVS16ins3kb mutations. Mean blood tyrosine level in mortality group in our series was significantly higher than those who survived. The transplanted NICCD case report by Shigeta et al. [12] had normal levels of citrulline. Mean citrulline level in our deceased case series was significantly lower when compared to those with good prognosis. Protein restriction and hypoglycemia may have led to higher carbohydrate intake, more intravenous glucose supplementation, and delayed lactose restriction in these patients that could lead to further metabolic derangements [20, 21] . Since NICCD if far more prevalent than type 1 tyrosinemia among East Asians, LF/MCT formula should always be attempted and high volume of intravenous fluids with glucose should be avoided in patients with liver decompensation. When there is a high suspicion of type 1 tyrosinemia, phenylalanine and tyrosine restricted formula without lactose should be a better option than overall protein restriction. Genetic testing results takes weeks or months, but polymerase chain reaction (PCR) sreening for hot-spot mutations in SLC25A13 gene, serum pancreatic secretory trypsin inhibitor (PSTI), and blood/ urine succinylacetone will differentiate most cases of NICCD from tyrosinemia type 1 within days.
Song et al. [13, 14] reported 3 male infants died from citrin deficiency. One had NICCD with compound heterozygous IVS6 + 5G > A/R319X mutation and died from central nervous system infection at the age of nine months. Another NICCD child with single heterozygous mutation died because of severe infection and disseminated intravascular coagulation (DIC). The third child with homozygous 851del4 mutation had liver cirrhosis, gross developmental delay, and dyslipidemia died from hepatic coagulopathy. Six out of eight NICCD children in our series had severe or recurrent infections before they die, and percentage of infection was significantly higher when compared to the survival group. Infections should be actively ruled out in NICCD children with liver decompensation, and aggressively treated if present.
Mean age and standard deviation at referral for the mortality group in our cohort was 9.58 ± 5.03 months, and significantly higher than that of the survival group (3.96 ± 3.13 months, p<0.000). Significantly more children in the mortality group never received LF/MCT formula or failed to comply with the change in feeding. Previous reports of mortality or liver transplant provided referral age as 7 months [11] , and 3 months [10] . Late referral, atypical findings on serum amino acid profiles, and misdiagnosis (such as tyrosinemia type 1, or bile acid synthesis defect) may all have contributed to late referral or delayed switch to LF/MCT formula. In our practice with neonatal cholestasis, there was a shift towards changing all the formula diet to LF/MCT formula unless the infant was exclusively breast-fed and liver synthetic/metabolic parameters are normal. When there was liver decompensation, significant metabolic derangement, or non-response to conventional therapy, exclusively breastfeed infants with neonatal cholestasis should also be put on LF/MCT formula in order to prevent exacerbation until NICCD is ruled out. Or data and other reports suggested that suspected NICCD cases should be referred to tertiary centers as early as possible.
We previously reported an eight-month-old apparently healthy infant who developed acute liver failure and died few days before the scheduled liver transplant [18] . Genetic testing and mass spectrometry confirmed the diagnosis of citrin deficiency, but serum GGT levels were normal. We conducted detailed analyses of complete blood count and serum biochemistry profiles in our NICCD series. Lethal cases had significantly higher ammonia levels, while survived cases had significantly higher platelet count, and higher levels of GGT as well as total cholesterol. Significantly reduced platelet count in the mortality group may due to secondary thrombocytopenia from infection, hyper-splenism, or DIC. Thrombocytopenia is also associated in chronic liver diseases, especially in patients with liver failure [22] . Lower GGT, total cholesterol levels, and higher blood ammonia level maybe indications of impaired liver synthesis and clearance due to end stage liver diseases.
Guo et al. [15] presented one case of NICCD with gross developmental delay due to prolonged hepatosplenomegaly and recurrent ascites that progressed into lethal hepatic encephalopathy at his age of 22 months. Treepongkaruna et al. [16] from Thailand reported 2 NICCD cases that developed cirrhosis, one underwent liver transplant, another died of complications of end-stage liver disease. Chew et al. [17] reported a lethal case from Malaysia, neonatal cholestasis progressed to cirrhosis and the patient died from liver failure after sepsis at the age of 7 months. Serum amino acid profile was suggestive of citrin deficiency with marked elevation of methionine level and slight elevation of citrulline and tyrosine levels. However, absence of SLC25A13 gene mutation may suggest diagnosis other than NICCD.
In this report, 14.8% (9/61) NICCD patients died. This higher frequency of death, compared to other published reports, maybe attributed to a referral bias. NICCD is a recognized disease in major centers across China, and only patients with severe liver damage tend to be referred to our center. Other than that, previous reports of poor outcome were mostly reported by centers specialized with metabolic diseases; patients with severe liver diseases may have died before being diagnosed by metabolic specialists. Liver transplant may have helped these children to survive as indicated in previous reports [10] [11] [12] 16] , but many factors surrounding the death (unexpected death, retrospective diagnosis, refusal to treatment, severe infection, death during local care, and diagnostic dilemma) may have prevented timely enlisting for transplantation. Morioka et al. reviewed large series of pediatric patients with various inheritable metabolic disorders received living donor liver transplant from parents who were heterozygous carriers of a gene mutation. None of these children experienced mortality and morbidity related due to heterozygous nature of the liver graft [23] . Parental origins of mutation should be determined for all cases, and heterozygous parents should be considered for living donor if NICCD infants need liver transplantation.
In order to prevent poor outcome in NICCD, we recommend the following strategies for screening, referral, diagnosis, and treatment in patients with neonatal cholestasis after excluding biliary atresia: (1) In primary and secondary care settings, any infant of East Asian origin with neonatal cholestasis should be screened for clues of NICCD (low birthweight, failure to thrive, hepatomegaly, fatty liver, hypoproteinemia, decreased coagulation factors, hemolytic anemia, and hypoglycemia). In infants of non-East Asian origin, NICCD screening may be prioritized after considering other more prevalent etiologies; (2) Suspected NICCD cases and cholestatic infants who did not respond to conventional treatment (ursodeoxycholic acid and fat soluble vitamins) should be referred to tertiary centers early on; (3) Tertiary care centers should consider changing to LF/MCT formula feeding even before the availability of metabolic and genetic screening results; (4) Any signs of infection should prompt adequate anti-microbial intervention; (5) When blood tyrosine is elevated but citruline is normal, still consider the possibility of NICCD until proven otherwise. Phenylalanine and tyrosine restricted formula without lactose should be a better option rather than overall protein restriction; (6) Genetic testing may take weeks or months before diagnosis, but polymerase chain reaction (PCR) screening for population specific hot-spot mutations in SLC25A13 and FAH (fumarylacetoacetase) gene, serum pancreatic secretory trypsin inhibitor (PSTI), and blood/urine succinylacetone will be available within days, and should be considered for differential diagnosis of NICCD from tyrosinemia type 1. (7) In cases with hypoglycemia, frequent oral or gastrictube feeding should be preferred rather than high volume intravenous glucose supplementation; (8) Patients with liver failure and low levels of platelet/GGT/ cholesterol or high levels of ammonia/tyrosine should be considered for early liver transplantation.
Conclusion
We reported the largest series of NICCD mortality from a single center. This report is contrary to the traditional concept that NICCD is a benign process, and a significant proportion of patients in tertiary care setting may die or need liver transplant if diagnosis or treatment is delayed. Our data suggested that, late referral, delayed treatment with LF/MCT formula, low platelet count, low levels of GGT, total cholesterol, blood citrulline, and high level of blood ammonia and tyrosine, were all associated with poor prognosis. We also suggested strategies for preventing poor outcome in NICCD. 
